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ji Explorer XI was launched o April o7, 1981, It carried s
~Ng j/ seingle experiment vhose purpose ves to make sstrencmical chservations
&' f" “with high energy primary cosic gewme veys. The gesme yoy detector
5; wvas prepared at MIT with the aid of Mr. GozGon Garmire snd othar
: mesdbers of our laboretory. The spacecraft ard rocket wors the
respousibility of the George Mershsll Space Flight Center. The
data vere acquired and sent to us by the Goddard Space Flight
- Canter and the entire yproject wes coordinated by Do Jemes
Kypperian for the Meticrml Acronsutics end Space Administretion.
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Before describing the experiment and the xesults we have
obtained fram it 80 far, we consider first what expectationz one
might heve for high energy gamm rey Gstronoy.

First of all, w restrict the term "high enargy goume reys” =i ¢
to that partion of the electromagnetic spectrum vhere the pre= O

dominate grocess for the interection of photons with metter is |, (. | L\
the production of electron pairs. An electron pair tends to vt Q’)\z
procesd in the directian of the incident photon, and 80 an mg\&* <
appropristely arvengsd counter telsscope can parform 88 & O I NE
directional detector of high energy gams rays - in effect an & 2 :
gamm rey telescopo. T ' 208 W0 AztTIDYA

#* This work was supported primerily by funds provided by the
Hational Aercnautics and Space Administratien, end psrtly by
funds from the U. 8. Atamic Buexrgy Coomission, Office ef Faval
Rsgearch, and Air Force Office of Sciamiific Fesearch.
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As a result the practical problems of high energy gamme vy
agtronomy are rathar different from thos2 encountersd &t ths
lover energies vhich are typical of muciser energy levsls.
The gamme rey telescope in Explorer X1 was sensitive, spacile
fically, sdove sbout 50 Mav.

Any cosmic radiation thet comss to us without interference
straight from its sowrce has & directiomsl intensity et the
earth wvhich is the line integral of its source strength per
unit solid angle along the line of sight. Of camrse this is
not the case with the charged particlss that comstitute the
ordinary cosmic reys. Their trajectories are twisted by the
general galactic megnetic field into helices vhcee redii are
ganerally very small in comparison to galsctic dimensions.
Thus vhatever may be ths source distribution and strength for
chargsd cosmic reys, the local observed cosmic rey intensity
is highly isotropic beoause of magnetic stirring, and it hes a
magnitude that dependsmot only on the source strength, but also
on the effectiveness with which the magnetic field prevents
escaps from the galaxy.

directional intensity also does not hold for visible light
vhich can be totally shsorbed Or scattered dy the interstellar
dust. Indeed, our view in directions that lis in the galactic
plans is blocked by cosmic dust clouds in mmny dirscticns at
distances that amount to0 only small frections of a galactic
dismeter. In these directions the sky looks black in spite of
the countless stellar sources of visible light that must lie
bayond the dust clouds.
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The simple relation betwesn source strength and observed
intensity does hald, however, for magnstic brelmsstrzhlung
radio wvaves and gamam rays. DBoth cen traverse & galactic
diameter without significant attemmtion. Moroover their
soarce strengths depend on physical conditions that are

closely relsted to ons another.

It eppears that the moet importent souree of coemic ganme
rays 1s nmuclear interactions of ordinary charged coamic rey protons
with interstellar gns protors. These interactioms pecfuce both
charged and neutxal pi mosons which are unstedble and quickly decsy.
The charged mesons give moet of their enorygy to electrons which then
spiral in the galactic magnetic field and gredually radiate their
onexgies at radio frequencies by the process of magnetic bhrshmsstre~
lung o synchrotron rediation. The neutral pi mesons, on the other
hand,decay into guma reys which fly directly ey from the point
of interaction. At first sight, therefaore, ane might expect the
source strengths for radio emission end gemma reys to be the same
and the patterns of the sc-called isophotes of redio and gaummm
redistion to be identical. But the situation is certainly moxe
complicated than this. First of all, in the tims it takes for an
electron to radiste its energy &s redio weves it can travel over
distances conparable to the dimensicns of the galaxy. Thus even
if electrons gain most of their ensrgy in the galactic disc, o
even in suparnovas, they cen escepe into the halo and give redio
emission at large galsctic lstitudes s is indeed, cbserved. |
Another resson why there may not be & close identity between
s and 1adio emission is that cocmic elsctroms ey heaws thelr
energy not only by being born rich with it, but elso through
gradual accaleration in galactic spacs or poasidly within the shells
of supernovas.



elfe

However, since the production of gamma reys in muclear
interactions is mecessarily accampanied by the production of
elactrons, ths total synchrotron radio power gensrated in the
galaxy can haxrdly be less than the gamms rey powexr. And the
directional distribution of gxxm rays will give us directly
the spetial distribution of the micleer interacticas which are
the ultimate sorce of at least & portion of the radic power.

Vhen g ray chservations are refined and angular
resclution is irproved, it siould dbe possible to msasure the
rate of high energy muclesr intersctions in individuel supere
nova shells like the Cred Nedbula. Here too, a comperison of the
radio and gamm rey power output will tell us much sbout the
relative importance of Fermi accleretion and nuclear interactions
in giving energy to the coemic elsctrons. :

With these 1deas in mind ve can make arder of magnitude
estimates of the expected intensity of cosmic gmma reys. We
lock first divectly at the interaction of cosmic rayw with intere
stellar matter in the galactic disc, and £ind the source strength
per unit solid engle by multiplying togsther the cosmic rey intensity,
the matter density, the croes section and the everege multiplicity
mmwm&s?mmanmwme This saurce
strength, 2.4 x 10 cm5 sec > st™l, vhen miltiplied by the
averags Aistance to the boundary of the disc, 5 x 10°F cm, gives
& predicted intensity of sbout 10~ cu® sect st™l, This emomts

to about one in three thousand cxdinaxry cosmic rays.



For a second estimate we wie the ides that the tois)
galactic radio power incident on the earth must equal or excesd
the galactic game/power. Ve can therefore calculste en wpper
1imit for the gamma /fitensity ty dividing the cbserved radio
pover bty the everege quantum energy of gamme reys from x° decay
which we take to be 200 Mev. Using values for redio emisgsion
slmwwm(nwﬁndam/ﬁ%miwot3xm“m°2

sect ot~t,

The similexrity of these two values reflects the fact that
one can actually coms clogse to explaining radio emission entiraly
in terma of charged pi mesons production.

The large reatios betwean the ardinary cossdc ray intensity
and the expectsd gamma rey intansity define the essentisl practical
problam of geama ray astronony vhich is how to distinguish the rare
gemne rays in the midst of the far more abundent charged cosmic reys.
In Explarer XI this was dons vith a directional counter telsscope
that was surrounded by & very efficient anticoincidence shield o
vete camter. The mrrangemsnt is shown in Figure 1. A gumm 18y
interacts in the high Z sandvich scintillator, and the resultant
electron pair pssses tirough the directional Cerenkov detsctor.
The signature of & gexam rey is therefore taken to bde coincident
pulses from the scintillator and the Cerenkov detector with no
pulse from the veto camter. Vhen this happened during reguler
oparetion, the height of the pulse from the scintillator wvas tele-
motared. Nov and then, on commnd from the ground, the veto counter
was turned off so that events due to ensrgetic charged particles
ware recorded at a high rate for calibzation purposss. In addition,
a scaling circuit could be connected on commasdl to any one of several
positions in the circuit so that the performsnce of the dstectors
as well as the simple coincidence rate between the scintiliator and
Cerenkov detector could be monitored.



The camplete satellite wnt into mbit spimning about its
long exis which was in fuct the axis of ths telescope- It
remainsd in this state for sbout twenty days, and Guring this
firat phese the viewing direction of the telescops alowly
swmdmammstnmted’ﬁnztlfmw:um
angular momantun changsd under the influsnce of very smmell
torques. During every crbit the esrth’s disc moved across the
fleld of view from harizon to horizon, apd forwerd-looking,
narrow angle optical sensdars eneble us to identify the instants
of the horizon <00s’nCs. Near the end of the first twenty days
the satellite motion suidenly changsd, ss plarmed, into a tumble
ebout en axis perpendicular to its long direction. In this second
phass the satellite tumbled vith a period of about 13 gecends, and
ﬂmdnecumafﬂ_dmmswnmdamtcimlemmm
vhich generelly included a sweep of the earth from horizeon to
horizan.

Throughout the experiment it was essential to koep exnct
account of when the telescope wes viewing the earth beceuse the
intensity of albedo gamm reys far exceeds that of comnic gamea
rays. Furthermors, to derive a value for the intensity of coamic
gemma rays it is nscessary to keep caraful account of the exposure
timea in various perts of the aky.

ﬂateleacopeitnltmmﬂywtmdinwbitumtm
as planned for about five months. However, the data could be
recaived only when the satellite vas over ona of tha Minitrack
stations vhich was sbout 20% of the total time. Only 30% of this
time wes useful because the rest was spsnt in the Van Allen redistion
vhich jammed the detectars. And during sbout 50% of the remaining
tims the telsscops was viewing the earth. Thus all together caly
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M}ﬁwuwmittmmﬂgﬁwmﬁmwm&aobw
tims, vhich explains the raucity of date we csn yresent. Feodleas
to say, these specific difficuwitlies are not inhsrent in satslliite
mmmm,wmhummmmme

Bow as to the parformence of the detector. First of all
tm@mtobemm&;tmtﬂmmmwmm selactively
sensitive to high ensrgy gamws reys. This was 2stablished hy

matmmmm“wueshyiumrfmmm
natuwrel rediation.

mwmmxummamatmmmMmmmaw
gumn reys with en spereture cone of about 17° half engle.

mﬂﬁmmmmwmmrwmtmm%msw
during a balloon test is shown in Pigure 2. Yote the high altitude
decrease in the gumma rey rate. This indicates their secondery
character. Incidentelly, the rate in crbit was two decadss below
mlmmmmhmmmsmmmttmmmww
mmanummwamwmmmmmmmo
Immmmmormmmtmmmnwm
cosnic reys is entirely anelogous to their production in interstellar
wwmtmwmmmmmmm
of hydrogsn. mm,mcmmmummmammc
mm:mmm:mmckmﬂnmmmtimwm
coumnting rates observed in ocrbit.

nmnmmammmmmm
gamm reys can be clearly sean. Figure 3 shows some of the gamma
ray events recorded during the first spin phase as s function of
time reduced modulo the orbital period. Each line represents the
histcwcfamm‘bit,andinthismmwmmcmmct
uhichthmmmmcrbit,occ\ratmerlytbammm
succeasive arbits. The listening station seems to move past under-
neath the orbit as the earth turns. Clearly ths rate of gemm rey



avonts Srope off sarply as the bow o L3 orovsed. In fact

Che vatlio of %o wesrags ool O Bitoio B the cfamice Mie L9
about 10 te 1. In cherp comrasd; the ratos of oharged powtielsy
during exlietion afitedian the opineite olTert; me aseseled,
bodng grenter Seom the aky than fvea the anetd.

Plgmre b ahows e alvedo offsct dbemvsd during the tmiila
rhese vhan @ mwe elsicrata enmiysis io sequived o0 Buep tzeck
af the ordontetion. %hose aiheds cowrwaticns sve proesd thed o
teiencone wna selectively sensitive 4o gomm xiys io obll. Fuilsre
noece the msasared lrboneily of alleds gomes yoyn de comsdnteod
garlier balloean chasrwmtiss.

e reining czitical qestiun is dwdher Lie seecalisd
peren vl even’se chserved from e oy Werd [RUOR YEFY Gr stom
cesoure fuorm of heckgproand. The polee beight disteiiadions
croniued Suring calibwesion end with gaass ay logle sre oboam
in Name 5. Az coe vowld expecs, duwing calirstion & considescble
fraction of the pulses axe sehwreded frmm the elffects of ouclewr
irtaractions and hasvy primsries. foch satuaraied pulses sxa
totaily ebeeat from the events wgistered with gums ¥ay loghc.
If 211 the sc-calleld gams ey eventa were maally protcns thad
acoshow maoeged to alip tmeugh the veto counter shielld, we
aould heve seen six large Pulsss dus to naclese Interaciions.
Ve comcluds, tharefore,; tiat vetc comter instficlemcy is nst a
slgnificant oourcd of background. Anothar end pechably xmows
dengrous soucce of backgramd iz the deosy of vmstedle prerilicles,
pertioulerly i mesuns, hat stop in the sndwich ecintilistor and
dscay eftar the veto counter clreultry hes recovered froa (ie Fassegy
of toe incddent yeoducing particle. The mgnitude of s effent
ic §1fPicult to evaluste ecurstoly. We foel it could acommb fow
25% of wa otwerved oppiwsnt "gremn Tay” rets.
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Conclupive evidence that the & winnds we heve roporied were
really cosuic gamse reys would, of course; be zanwidod Wy an
sugeeved anisotiesy. Unfortunately, whep the fow ewnbs we have
are speosd out on & celestisl map it is not poasihle o dyvew any
delinite conelustion regarding thedr distritutizm. Figwe 6
shorre the srrivel direction of oach erast, without sy ascounting
for wxposure tima. The dotted line inllcsiss the wWwedl of Y
patellite angulsr momentusy acrogs the sly in the fired spin pmae.

Pigoe T above the erces in whiah ihe cbearved suaber of
evante axcoaded the expocted muber assupding parfact lsbtiony
and toking scommt of expowtre timss. (me cemat sec & etriking
snisotregy in the ohoarved intmaily, whick would ostakiish hayoadl
deadyt that the cbserved evends wers indeed gamiia ruys. On the othey
hand thoes data sre fow and futwe cbeervatisms mmy baring out mexh
o ardootropy. lecking an chzorvsd andsoizony, we st regsnd
owe msnoed irtensitiss as vyper iixdts.

During the tunble phape nestly the whols eky was sounand
2t ona Lime or anothor although the axposwrs wed -»8te wnmeven.
55 gvents e recaadod &ucing 1.3 doyn of effsative choorvirg
tinm, Toking into account ths goometricel fuctar sl the delectlon
efficiency we arrive at an gverage intevsity wbich Bes between 3
end 10 x 107F cn s sec"Y7 Mty result 18 scmevhat gregter thon the
expectsd valuee va gave before, tut clesxly not in serious Aisagve-
ot 40 viev of the uncertainties in the velues that vere used. The
result 1o consistent, hovever, with the 1den thet most of the ansrgy
radioted by comdo elesctrona is given to them et thelr birtk in
mwclcar interactions.
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FIGURE Cariion

Flgare 1. The gemas yoy detectar.
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Aititude veristioa of gammn swee weolsond Wy
cogutc ny oalidadons iz the ouptl's stagoagbave,
o dotn vero Sadon with v Gallovewhirng wefel of
e sadellite lostaument.




Filgwe 3. Cown xy evanbe recoeded duelng WS ety spdin
phaee of the satellite. Yhe time exia is sdulo
08 wimstan, she arbitul paviof.
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Figae 5. Mlse height dstributicns fros the bigh 2
sendwich seintillator during calimation, ol gwmm roy
Jogie veriods.
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Bl aven zatiection of the calevbial sohiors
ebosring the celastisl comdinatas of emch dobselud
eveet. Thw ool Idne in plawn of ithe galesoy, sod
Go Co snllcates 30 golnclic cumber. The dothad
Une indlontas the mth of the sobelilte engiinr
acmenhos during the errly spun powmes.



Pignw T. Arvoas ¢ the celsstisd aplens in whicsh the éstected
detenalty w88 =t oll nge than grevegs. The Achbeotad
dieteitadion fo conmdebsrt with feotedry.



